Magnetron Sputtering (HIPIMS) process. Cross-sectional TEM showed gradual evolution of the structure of the coating with thickness. The initial structure is a nanoscale multilayer with sharp interlayer interfaces. This transforms to nanocomposite of TiAlCN and VCN nanocrystalline grains surrounded by a C-rich tissue phase and finally changes to an amorphous carbon rich Me-C phase. In contrast deposition in similar conditions using standard magnetron sputtering produces a well-defined nanoscale multilayer structure. Depth profiling by AES showed that the carbon content in the HIPIMS coating gradually increased from 25% at the coating substrate interface to 70% at the top thus supporting the TEM observations.
applicability in cutting tools/machining industries [10] . Incorporation of Vanadium has been seen as another promising alternative due to the formation of V 2 O 5 a low friction Magnèli phase during sliding wear, which acts as a solid lubricant. The concept of combining V with C can be backdated to 1988, where carbon was added to Ti-Al-V-N to produce Ti-Al-V-C-N and their performance in machining was compared [11] . However, both high-and low-C containing Ti-Al-V-C-N films had shown serious adhesion and wear problems. The research in this field has led to the development of VTi (CN), [12] , (TiAlV) (CNO) + V 2 O 5 top layer, [13] and AlCrV (CN), [14] mainly monolithically grown or multilayer structured coatings, often with rough surfaces due to employment of cathodic arc technologies for deposition . All these coatings have shown only a moderate performance.
Recently nanostructured TiAlCN/VCN and CrAlCN/CrCN multilayer coatings deposited by the combined High Power Impulse Magnetron Sputtering (HIPIMS)/ DC magnetron Sputtering (DCMS) have shown considerable promise to protect tools at elevated temperature applications [8, 15] . These coatings have revealed the ability to adaptive self-lubrication during sliding at elevated temperatures, (700 o C ) by forming variety of Magnèli phase oxides such as AlVO 4, Ti n O 2n , V n O 2n ,V n O 2n+1 and achieved low friction force against the work piece material [16] . In case of TiAlCN/VCN nanoscale coating, it was shown that besides the formation of Magnèli phases, carbon atoms segregated at the interfaces between the individual nanolayers changed the wear mechanism of the coating by providing low shear strength interfaces as well as reduce friction due to a graphitization mechanism taking place during sliding at elevated temperatures 300 -700 o C [16] . Thus during the dry sliding, a unique combination of weak atomic bonding/low decohesion energy of Magnèli oxide phases and graphitic nature of carbon along with special nanolaminate layered structure of the TiAlCN/VCN coating was achieved which resulted in stabilizing the friction and wear behaviour of the coating: relatively low friction coefficient values of µ=0.45 at room temperature which decreased to µ=0.38-0.4 at elevated temperatures, 300 -700 o C and wear rate on the order of 10 -17 m 3 N -1 m -1 at room and 10 -15 m 3 N -1 m -1 at elevated temperatures. These properties have made TiAlCN/VCN coating [16] a potential candidate for applications in protective tool coatings. Indeed, we have shown that TiAlCN/VCN multilayer coating deposited by mixed HIPIMS-DCMS technology on M2 high speed steel substrates exhibit very smooth, dense microstructure, with a very high adhesion to the substrate and enhanced mechanical and tribological properties at elevated temperatures of 650 o C [17] .
In the present work, we report the microstructure and functional properties of TiAlCN/VCN nanoscale coating deposited by pure HIPIMS technology. The introduction of HIPIMS in the coating deposition stage in reactive mode however requires careful consideration of the target poisoning effect. Target poisoning is an old problem in PVD technology and extensive research as well as progress has been achieved over the years in understanding, modelling and controlling the process [18, 19, 20] . However it is fair to say that the effects related to target poisoning in HIPIMS are still not very well studied and understood [21, 22] . Specifically carbon containing HIPIMS discharges have not been extensively reported. This paper attempts to shed more light on the effect of the target poisoning on the coating structure evolution, when the deposition takes place in a mixed (N 2 + CH 4 ) reactive atmosphere using HIPIMS. Further objective is to report on the wear mechanism and performance of the HIPIMS deposited TiAlCN/VCN when machining of Si containing Al-alloys. For this study, two opposing magnetrons furnished with TiAl (50:50 at%, 99.8% pure) and V (99.8% pure) targets, were operated in pure HIPIMS mode where as the other two magnetrons were shielded. A schematic cross section of the system is shown in the Figure 1 . Throughout the process, the substrates were subjected to three fold rotation primary rotation speed 5 rpm.
Experimental details

Reactive deposition by HIPIMS
Prior to deposition, the substrate surface was bombarded by V + + Ar + ions generated from a HIPIMS discharge sustained on the V target in Ar atmosphere to pre-clean the surface for adhesion enhancement [25] . To maintain constant voltage during the ion bombardment a HIPIMS dedicated power supply manufactured by Huttinger Electronic Sp. Z o.o. was used [23] . Detailed explanation of the surface pretreatment step is described elsewhere [24, 25] . In the next step of the process, an 800 nm thick TiAlN base layer was deposited in Ar+N 2 atmosphere by operating one TiAl target in HIPIMS mode. In the final stage of the coating, methane (CH 4 ) gas was introduced in the vacuum chamber and deposition was carried out in a mixed Ar+N 2 +CH 4 reactive atmosphere at 450°C using both targets. The flow rates of the individual gasses in this step were as follows: 180 sccm for Ar, 120 sccm for N 2 and 120 sccm for CH4. The deposition steps were carried out in ion assisted coating growth conditions of pure HIPIMS mode at total pressure of 3.10 -3 mbar, using, 200 µs duration rectangular I-V pulses at frequency of 100 Hz .
Coating and plasma characterisation techniques
In order to characterise the plasma conditions during the deposition process as well as the mechanical, tribological, micro-structural and high temperature oxidation resistance properties of the TiAlCN/VCN coating, several plasma and surface characterization techniques were used.
The plasma analysis has been carried out in a laboratory scale ultra-high vacuum chamber Experiments have shown that layer deposition occurs even when the samples are far away from the target as well.
Glancing angle X-ray diffraction (GAXRD) analysis in parallel beam geometry was used to determine the phase composition and structure of the coating as a function of the penetration depth using a Panalytical X'Pert automated diffractometer.
Auger electron spectroscopic analysis was carried out with a Physical Electronics PHI 660 instrument equipped with a LaB 6 electron gun, single pass cylindrical mirror analyzer, single channel electron multiplier and Ar ion gun for depth profiling.
Relevant cross-sections from as-deposited coatings were prepared for scanning electron microscopy using FEI NOVA-NANOSEM 200 and transmission electron microscopy (TEM) observation using a Philips CM430 instruments.
The Raman spectra were measured at room temperature using a HORIBA JOBIN YVON HR800 integrated Raman spectrometer fitted with green (λ =532nm) and UV (λ = 325 nm) lasers. The microscope was coupled confocally to a 800 mm focal length spectrograph equipped with two switchable gratings (600 g/mm and 2400 g/mm). The 2400 g/mm grating was used for collecting the spectrum with a spectral resolution of 2-3 cm - 
Results and Discussions
Plasma Compositional Analysis
Ion composition determined by mass spectrometry is shown in Figure 2 The obtained results about gaseous ion species in the discharge are consistent with published experimental results and chemical models obtained for similar plasmas [26, 27, 28] .
During the HIPIMS deposition step, high current densities applied in pulses are believed to stimulate several processes inside the active plasma, such as electron impact excitation of metastable N 2 *, excitation of atomic nitrogen and formation of free radicals [26] , which are efficient to dissociate methane (CH 4 ) into several gaseous ions of hydrocarbons, and nitrils [26, 27, 28] in the Ar+N 2 +CH 4 plasma. The high frequency of electron impacts produces stable free carbon ions of C 1+ [28] . In HIPIMS the latter process is much more efficient compared to DCMS.
The metal and carbon ions detected during deposition influence the coating growth in several aspects. For example enhanced metal ion bombardment during HIPIMS deposition will densify the microstructure by reducing intercolumnar porosity. Furthermore it can promote layer-by-layer growth and reduce the roughness of the coatings.
High amounts of free carbon produced in the HIPIMS plasma itself tend to enhance the incorporation of carbon in the actual film. In contrast C x H y molecules and radicals have lower sticking coefficients and/or may require additional energy to dissociate on the surface.
The various ionised reactive gas species bombard the target during sputtering and are expected to intensify chemical reactions on the surface.
Coating structure characterisation by GAXRD
In the present work, glancing angle (GA) measurements were performed at incidence angles GAXRD characterisation indicates that the structure of the coating gradually changes with thickness from larger grain crystalline at the base to random orientation smaller grain nanocrystalline to almost X-ray amorphous structure at the top. In fact the 1 o GA pattern is very similar to the previously discussed by the authors [29] patterns taken from Cr-C coatings where the carbon content exceeds 80%, which sheds further light on the nature of the top 0.360 μm of the film. which accumulates at the interfaces of the individual nano layers during growth of the laminated structure as well as at the column boundaries [30] . Column boundary segregation has been also observed for single layer TiAlCN reported elsewhere [31] . The location of the narrow grey contrast band adjacent to the base layer corresponds to the zone two of the SEM cross section, see Figure 4a . Higher magnifications revealed further details of the coatings architecture, Figure 5b . A nanoscale multilayer structure with bi-layer thickness of 5-8nm and total thickness of 30nm can be observed right above the TiAlN base layer. This is believed to correspond to zone two of the cross section SEM and the grey contrast band in the low magnification TEM image, Figure 5a . Careful observation reveals a white lateral phase segregated at the interfaces of the individual layers. This structure is typical for TiAlCN/VCN coatings deposited by sputtering and its growth mechanism was described previously in [30] .
Structure evolution of TiAlCN/VCN nanoscale coating deposited by HIPIMS
The structure which evolves further with coating growth (Figure 5b showed that a gradual transformation in the structure with thickness of the coating takes place changing from crystalline at the base to nanocrystalline in the bulk and finally random orientation small grain nanocrystalline to almost X-ray amorphous structure on the top thus confirming the GAXRD findings and providing further information for better understanding and interpretation of the XTEM results.
This unique structure and obviously compositional evolution obtained in one deposition process is believed to be due to the target poisoning effect which takes place in reactive Furthermore, compared to the DCMS deposited coatings, no significant oxidation at 550°C was observed. The weight gain due to oxidation is lower by factor of two when compared to densification due to utilisation of HIPIMS.
Oxidation resistance by Thermo Gravimetric analysis:-
Mechanical and tribological properties of TiAlCN/VCN coating deposited by reactive HIPIMS:
TiAlCN/VCN coatings deposited by reactive HIPIMS technology showed high microhardness values of 2700 HK 0.025 . The adhesion strength was evaluated by determination of the critical load value using scratch test. Repeatedly high Lc=55N values were measured for this type of coating independent from the deposition method, DCMS, mixed HIPIMS+DCMS and pure HIPIMS provided that the surface pretreatment was carried out by HIPIMS V + ion bombardment [17, 25] .
Friction and Wear behaviour of the coating at room and elevated temperatures:
Coating friction and wear behaviour at room and elevated temperatures was investigated by pin-on-disc tests using Al 2 O 3 counterpart. Figure 10a shows the friction curve at room temperature depicting the "running" stage and beginning of the "steady state" of the dry sliding process. Here one can clearly distinguish between two friction zones. Immediately after the "running" stage the friction curve changes its slope indicating the beginning of the first lower coefficient of friction zone where the mean value of µ=0.37. After that the friction gradually increases to reach a "steady state" where higher coefficient of friction values (µ=0.48) were recorded. In an attempt to "depth profile" the friction and wear behaviour of the HIPIMS deposited TiAlCN/VCN coatings a number of friction tests were carried out with stepwise increase of the sliding distance by changing the number of the sliding laps from 500
to 10000 with an increment of 1000 laps. In this experiment it was found that the wear coefficient reduces by one order of magnitude with the wear depth, with initial value of K c = 
Raman spectroscopy investigation of the warn tool-work piece material surfaces
To study the wear behaviour of TiAlCN/VCN as well as coating work-piece material interaction a cutting experiment was conducted. Coated 25 mm diameter three-flute cemented carbide end mills were used to machine highly abrasive AlSi9Cu1 alloy in dry conditions.
The tests were carried out on a high-speed milling centre, MAZAK FJV-25 using milling parameters which were specifically set to produce significant amount of built up material on the cutting edge and therefore guarantee full scale coating-work piece material reaction: demonstrates that the material removal by cutting is accompanied by intensive material transfer between the surfaces of the tool and work piece material in the sliding contact. While this is a common situation in any cutting process this study shows that a proper coating material selection in the coating design stage could dramatically influence the tribology in the contact area by providing compounds with lubricious properties in dry sliding conditions.
Conclusions:
 The analyses showed that with HIPIMS grown TiAlCN/VCN a gradual transformation in the structure with thickness of the coating takes place. The structure evolves from crystalline nanoscale multilayer of TiAlCN/VCN at the base to nanocomposite structure comprising nanocrystalline TiAlVCN surrounded by C-based tissue phase in the bulk and finally to X-ray amorphous structure of Me-C on the top. This unique structure and compositional evolution obtained in one deposition process is believed to be due to the target poisoning effect which takes place in HIPIMS in reactive (carbon-nitrogen) atmosphere.
 "Depth profiling" the friction and wear behaviour at room temperature of the HIPIMS deposited TiAlCN/VCN coatings revealed that immediately after the "running" stage, a low friction coefficient zone exists where the mean value of COF is µ = 0.37. After that the friction gradually increases to reach a "steady state" zone where higher coefficient of friction value of µ = 0.48 was recorded. 
